Early activation of the IL-12/IFN-g axis has been shown following Salmonella enterica serovar Enteritidis (S. Enteritidis) infection. We were interested to study whether IL-22 and IL-17A production is initiated early in response to S. Enteritidis. We demonstrate here that IL-22 was strongly elevated in the peritoneal lavage fluid and in serum already 1 day post-intraperitoneal infection (d.p.i.) of mice; not only IL-22 but also IL-17A was produced ex vivo by activated peritoneal exudate cells (PEC). Peritoneal gd T cells were identified as cellular source of IL-17A. The early IL-22 production was completely IL-23-dependent. In contrast, IL-17A production was only partially IL-23-dependent. To investigate the local production of upstream cytokines important for induction of IL-22, IL-17A and IFN-g during salmonellosis, the production of IL-23 and IL-12 was studied. Elevated p19 and p40 mRNA levels were found in PEC at 1 d.p.i., whereas p35 mRNA levels were not changed. Besides, the T h 17-promoting cytokines IL-6, IL-1b and transforming growth factor-b were produced in response to S. Enteritidis. However, IL-6 was not required for IL-22 or IL-17A production by PEC. By ex vivo analysis of PEC at 1 d.p.i., we show that the major producers of early IL-12/23p40 in the peritoneal cavity were dendritic cells (DC), whereas macrophages notably contributed to IL-6 production. Taken together, these data suggest that DC initiate early IL-22 production at the site of infection which may contribute to resistance against salmonellosis. Furthermore, we provide evidence that production of IL-22 and IL-17A is differentially regulated during infection.
Introduction
Salmonella enterica is a Gram-negative bacterial species that causes mostly systemic infection or gastroenteritis in humans and animals, depending on the particular bacterial serovar and the host species. Typhoid fever in humans is caused by serovars Salmonella typhi and Salmonella paratyphi. Salmonella enterica serovar Enteritidis (S. Enteritidis) and Salmonella typhimurium, the two most abundant serotypes for salmonellosis transmitted from animals to humans, however, cause gastroenteritis and can be severe in the young, the elderly and the patients with weakened immunity (1) (2) (3) . Phagocytic cells including macrophages (MU), neutrophils and dendritic cells (DC) play a central role in the innate immune response, but have individual functions during the early stage of Salmonella infection such as the control of bacterial replication and the release of chemokines and cytokines to recruit additional cells (4) . For the clearance of Salmonella infection, IFN-c-dependent defense mechanisms including elevation of nitric oxide (NO) production by phagocytic cells are essential and require the induction of an adaptive T h 1-driven immune response (5) . Besides MU, DC recently came into the focus as candidates for efficient T h 1 induction. Today DC are considered the most professional antigen-presenting cells linking innate and adaptive immunity. DC can take up Salmonella (6) and present antigen to T cells, express co-stimulatory signals such as CD86, CD80, CD40 and release cytokines (7, 8) .
IL-12 plays a central role in the induction of IFN-c-supported adaptive T h 1 immune responses (9, 10) . Patients deficient in IL-12/23 by a homozygous genetical defect of IL-12Rb1 or p40 show persistent salmonellosis (11) . The heterodimer IL-12 is composed of the two subunits p40 and p35 and represents the prototype of the IL-12 cytokine family (12, 13) . Subsequent studies suggested that in addition to the predominant role of IL-12, a further member of the IL-12 cytokine family, IL-23, supports protective immune mechanisms against S. Enteritidis especially in the absence of IL-12 (14, 15) . IL-23 is a heterodimer composed of the IL-12 subunit p40 and a small subunit p19 structurally homologous to p35 and has an essential role in organ-specific autoimmune diseases (16) (17) (18) . While transforming growth factor (TGF)-b, IL-1b and IL-6 are initial differentiation factors for a novel IL-17A-producing T h subpopulation (T h 17) (19) , a series of experiments show that IL-23 is an important factor for the expansion and the survival of T h 17 cells (20) (21) (22) . The heterodimer IL-27 consists of EBVinduced gene 3 (EBI3) which is homologous to p40 and of the small subunit p28. Initially, IL-27 was described to support the IL-12-dependent differentiation from T h 0 cells into T h 1 cells by inducing the expression of transcription factor T-bet and the IL-12Rb2 chain in naive T cells and to induce early IFN-c (23) (24) (25) . Recent studies demonstrated IL-27-dependent inhibition of IL-17A-producing cells (26, 27) .
T h 17 cells in addition to IL-17A and IL-21 (28) produce IL-22 (29, 30) . The cytokine IL-22 was first described as IL-10-related T cell-derived inducible factor and induces acute phase proteins in hepatocytes and antibacterial proteins in epithelia cells (31) . It seems that T h 17 cells play an essential role in the defense against certain bacterial infections, in particular against mucosal and epithelial infections (32, 33) . We very recently could show that T h 17 cells are induced during adaptive immunity to systemic Salmonella infection (15) . The objective of this study was to investigate whether an IL-23-dependent IL-22 and IL-17A production could be also part of the innate immune response to S. Enteritidis infection.
Methods

Mice
129Sv/Ev wild-type (wt) mice were bred at the Max-PlanckInstitute of Immunology (Freiburg, Germany) and the Max-Planck-Institute of evolutionary Anthropology (Leipzig, Germany). C57BL/6J wt mice, C57BL/6J IL-12p35 À/À mice (10) and C57BL/6J IL-23p19 À/À mice (18) were bred at the Institute of Immunology (College of Veterinary Medicine, University of Leipzig, Leipzig, Germany) and the MaxPlanck-Institute of evolutionary Anthropology. C57BL/6J IL-6 À/À mice were kindly provided by J. Scheller (Medical Faculty, Christian Albrechts University, Kiel, Germany). Mice were kept under specific pathogen-free conditions in accordance with the guidelines approved by the Animal Care Usage Committee of the Regierungsprä sidium Leipzig, Germany. Female mice were used for all experiments.
Infection and dissection of mice
The auxotrophic (ade À , his À ) vaccine strain S. Enteritidis SALMOVAC originally derived from the parental strain S. enterica serovar Enteritidis 64/03 (ade + /his + ) (34) and kindly provided by the Impfstoffwerke Dessau-Tornau, Rosslau, Germany, was used in all experiments. Frozen stocks were kept in FCS/10% dimethyl sulfoxide at À80°C. For infections, frozen S. Enteritidis were thawed, washed twice, re-suspended in 500 ll sterile PBS and injected intraperitoneally (i.p.). 129Sv/Ev wt mice were infected with 5 3 10 6 colony-forming unit (c.f.u.); for C57BL/6J wt and mutant mice, an infection dose of 2.5 3 10 6 c.f.u. was found to produce similar organ burdens to infected 129Sv/Ev mice. The accuracy of the infection dose was confirmed by plating serial dilutions of the infection dose on xylose-lysine-desoxycholat (XLD) agar plates. The control group was treated i.p. with 500 ll sterile PBS. Animals were sacrificed at 1 day post-intraperitoneal infection (d.p.i.) and, when indicated, at 14 d.p.i. Blood was collected via cardiac puncture. Peritoneal lavage was performed with ice-cold PBS/EDTA.
Determination of bacterial burden
At 1 d.p.i. and 14 d.p.i., control samples of weighed spleens and livers were homogenized in 1 ml of sterile PBS. Serial dilutions of the homogenates and fluids of the peritoneal lavage were plated on XLD agar plates. Colonies of S. Enteritidis were counted after 16-24 h of incubation at 37°C.
Ex vivo cell culture and cell depletion
If not indicated otherwise, all cell culture reagents were obtained from PAA Laboratories GmbH (Coelbe, Germany). For ex vivo culture, peritoneal exudate cells (PEC) were adjusted to 3-5 3 10 6 PEC per ml in IMDM containing additional 10% FCS and 1% penicillin-streptomycin and cultured in a humidified atmosphere containing 5% CO 2 at 37°C. Following overnight incubation, PEC were cultured for another 24 h in the absence or presence of S. Enteritidis. If indicated, PEC were depleted of DC and MU prior to ex vivo culture by high-gradient cell separation (MACS; Miltenyi Biotec, Bergisch-Gladbach, Germany). CD11c + DC or F4/80 + MU were removed with PE-labeled anti-mouse-CD11c (clone HL3, BD Pharmingen, Heidelberg, Germany) or anti-mouse-F4/80 (clone CI:A3-1; Caltag Laboratories, Hamburg, Germany) followed by incubation with an anti-PE-antibody coupled to magnetic beads according to the manufacturer's instructions using LD MACS columns and the VarioMACS system (Miltenyi Biotec). Success of depletion was confirmed prior to ex vivo culture by FACS analysis. For intracellular FACS assays, PEC were cultured ex vivo for 22 h in the presence of 5 lg ml À1 Brefeldin A (Sigma-Aldrich, Taufkirchen, Germany) during the last 5 h of incubation as described by us earlier (35) .
RNA preparation and real-time reverse transcription-PCR
For analysis of TGF-beta and IL-1-beta mRNA expression, PEC were lysed in Invisorb lysing solution (Invitek, Berlin, Germany) and treated afterward with 4 mg ml À1 proteinase K (Clontech Laboratories, Mountain View, CA, USA) for 1 h. Isolation of total cellular RNA was performed using Invisorbâ RNA kit II (Invitek). Messenger RNA was reverse transcribed as described previously (36) ; Promega) were added. According to the standard protocol, the RT reaction was performed at 37°C for 60 min. The RT was heat inactivated at 95°C for 5 min, finally. Primers and probes for p40, p35, p19, p28, EBI3 and b-actin real-time PCR were used as described before (39) . PCR was performed with 2.5 ll cDNA and Taq polymerase from Biomaster (45 U ml
À1
; Cologne, Germany) in an iCycler (Biorad, Munich, Germany) for 40 two-step cycles: 30 s at 95°C and 30 s at 60°C. Relative up/down-regulation of cytokine in infected mice to naive mice was calculated by 2
DDCt . DDC t =DC t ðnaive miceÞ À DC t ðinfected miceÞ. DC t is defined as C t cytokine À C t bactin .
Flow cytometry
If not noted otherwise, antibodies were acquired from BD Pharmingen. PEC were incubated with anti-CD16/CD32 FcR block (clone 2.4G2) and stained with rat IgG-isotype control-FITC/PE/allophycocyanin (APC), hamster IgG-isotype control-FITC/APC, anti-mouse F4/80-FITC (clone CI:A3-1; Serotec GmbH, Düsseldorf, Germany), anti-mouse F4/80-PE (clone CI:A3-1; Caltag Laboratories), anti-mouse CD11c-APC (clone HL3), anti-mouse Gr-1 (clone RB6-8C5), anti-mouse CD8-FITC (clone 53-6.7), anti-mouse CD4-PE (clone H129.19), anti-mouse CD49b-APC (clone DX5; R&D Systems, Minneapolis, MN, USA), anti-mouse CD3e-APC/FITC (clone 145-2C11) or anti-mouse cd TCR-FITC (clone GL3; eBioscience Inc., San Diego, CA, USA). After 15 min incubation at 4-8°C, the cells were washed twice in FACS buffer (3% FCS, 0.1% NaN 3 in PBS) and fixed with 1.0% (vol/vol) formaldehyde in PBS. Intracellular IL-17A staining was performed as described by us earlier (35) . In brief, isolated PEC were incubated in permeabilization buffer (0.55% saponin, 5% FCS, 2 mM HEPES in PBS) for 20 min and stained for intracellular IL-17A with anti-mouse IL-17A-PE (clone TC11-18H10) for 30 min. To exclude dead cells for the analysis of intracellular IL-17A, PEC were stained with ethidium monoazide bromide (EMA; Invitrogen GmbH, Karlsruhe, Germany) prior to antibody staining. For analysis of IL-17A-producing cells, a total of 100 000 cells was measured. Cells were analyzed within 24 h of staining. The analyses of the cells were performed at a FACSCalibur flow cytometer (BD Pharmingen) using the software CellQuest pro TM (BD Pharmingen). To enumerate absolute cell numbers of peritoneal cell populations, total cells of single animals were counted manually or using a Vi-CELL TM cell viability analyzer (Beckman Coulter, Frankfurt, Germany). Absolute numbers of the different populations were calculated by multiplication of the percentages of each population acquired by FACS analysis with the total number of PEC.
Cytokine and NO measurement
The cytokine concentration in PEC supernatants was measured by sandwich ELISA. Murine IL-12, IL-23 and IL-12/ 23p40 were quantified using the capture mAbs 48110 (2 lg ml À1 ; R&D Systems), PAB565 (2 lg ml À1 ; kindly provided by R. Kastelein, Schering-Plough Biopharma, Palo Alto, CA, USA) and 5C3 (25 lg ml À1 ), respectively. As detection antibodies, biotinylated goat anti-mouse IL-12/23p40-purified IgG ( For NO determination culture supernatants were developed with Griess reagent. The NO plates were measured at 550 and 690 nm with a Spectra-max 340 ELISA reader (Molecular Devices).
Statistical analysis
Statistical analysis of more than two normally distributed groups was performed by analysis of variance and Bonferroni's post-test. More than two not normally distributed groups were analyzed using the Kruskal-Wallis test followed by Dunn's post-test. Comparison of two groups was performed by the Mann-Whitney rank-sum test. Statistical significance was defined to be based on a P value <0.05.
Results
Early production of IL-22 in response to S. Enteritidis
In previous studies with S. Enteritidis, early activation of the IL-12/IFN-c axis has been described (42) . We were interested whether IL-23-dependent IL-22 and IL-17A production is part of an innate immunity against S. Enteritidis. Therefore, peritoneal lavage fluids and sera of 129Sv/Ev mice infected i.p. for 1 day and, for comparison, for 14 days were analyzed for the production of IL-22 and IL-17A in addition to IFN-c. Furthermore, PEC were analyzed ex vivo for production of IL-22, IL-17A and IFN-c. Surprisingly, already at 1 d.p.i., we found strongly elevated levels of IL-22 in the lavage fluid, whereas IL-17A levels hardly changed (Fig. 1A, top row) . As expected, IFN-c levels were significantly enhanced at 1 d.p.i. Early production of IL-22 and IFN-c in the lavage fluid correlated with elevated IL-22 and IFN-c levels in sera of 1 day-infected mice, whereas an increase of IL-17A could not be detected in sera in response to S. Enteritidis infection (Fig. 1A, bottom row) . At 14 d.p.i., IFN-c production could be observed in lavage fluid, serum and PEC culture supernatants. Systemic IL-22 levels in sera were also found to be elevated at 14 d.p.i., whereas in lavage fluid, IL-22 levels did not differ at 14 d.p.i. from naive mice. Production of IL-22 and IL-17A at the site of infection could also be confirmed by ex vivo culture of PEC of infected mice (Fig. 1B) . Thus, IL-22 and IL-17A are produced early in response to i.p. S. Enteritidis infection.
Peritoneal cd T cells are potent producers of innate IL-17A
We wished to explore cellular sources of innate IL-17A induced at the site of infection in response to S. Enteritidis. Beside T h 17 cells, NK cells and cd T cells are able to produce IL-17A (43) . To identify cellular sources of innate IL-17A in response to S. Enteritidis, we cultured PEC of 1 dayinfected mice ex vivo in medium in the presence of Brefeldin A and subsequently analyzed IL-17A production in peritoneal cd T cells and NK cells by flow cytometry. Among peritoneal T cells, we observed 2.2-12.3% IL-17A-synthesizing cd T cells, whereas unspecific isotype staining was <1% (Fig. 2, upper À/À mice unable to produce IL-12, were isolated at 1 d.p.i. and cultured ex vivo in the presence or absence of S. Enteritidis. This was followed by the determination of IL-22, IL-17A and, for comparison, IFN-c in the PEC culture supernatants. In the supernatants of PEC from 1 day-infected C57BL/6 wt and IL-12p35 À/À mice, similar levels of IL-22 could be detected (Fig. 3, left panel) . The production was even more profound when PEC were cultured in the presence of S. Enteritidis. In contrast, PEC derived from IL-23p19 À/À mice failed to secrete measurable amounts of IL-22 when cultured in the absence or presence of S. Enteritidis (Fig. 3, left PEC were able to release IL-17A, albeit IL-17A levels were considerably lower than those of wt PEC. Furthermore, PEC derived from IL-12p35 À/À mice released higher levels of IL-17A than wt mice (Fig. 3, middle panel) , which may relate to the lack of the IL-12/IFN-c axis counteracting the IL-17A production (45, 46) . Taken together, these data indicate that peritoneal IL-22 production completely depends on IL-23, whereas production of peritoneal IL-17A partially depends on IL-23.
IFN-c was produced exclusively when PEC of wt or IL-23p19 À/À mice were cultured in the presence of S. Enteritidis but not in the absence of S. Enteritidis (Fig. 3, right  panel) . These data demonstrate that the induction of IFN-c by S. Enteritidis is dependent of IL-12 consistent with the known role of IL-12 in immunity to Salmonella infection (47).
Production of IL-12 family members at the site of infection
To investigate local expression of the upstream cytokines necessary for the early induction of IL-22 and IFN-c, the production of the particular IL-12 family members at the site of infection was characterized. Therefore, the up-or down-regulation of mRNA for the individual subunits of the IL-12 family members p40, p35, p19, p28 and EBI3 was determined by real-time PCR in PEC of infected mice relative to naive mice (Fig. 4A) . Consistent with the observed early peritoneal IL-23-dependent IL-22 production (Fig. 1) , we found that the IL-23p19 mRNA was significantly augmented at 1 d.p.i. in PEC. The mRNA for the IL-12/23p40 subunit increased ;4-fold at 1 d.p.i., whereas mRNA level for the IL-12p35 subunit did not change as compared with naive mice (Fig. 4A, left  panel) . Since IL-27 is able to down-regulate IL-17A production by T cells (26, 27) , it was of interest to analyze the mRNA expression of the IL-27 subunits p28 and EBI3. The mRNA of the IL-27p28 subunit was significantly augmented at 1 d.p.i., whereas the mRNA of the EBI3 subunit of IL-27 showed unchanged expression (Fig. 4A, right panel) . Interestingly, analysis of the absolute number of transcripts by real-time mRNA using PCR standards demonstrated high-level mRNA expression of EBI3 as compared with p35, p19 or p40 already in naive mice (data not shown).
In addition to mRNA analysis of the IL-12 family members, the release of IL-12/23p40 was determined in the peritoneal lavage fluid and in the supernatants of ex vivo cultured PEC. In the peritoneal lavage fluid and PEC supernatants of naive animals, the levels of IL-12/23p40 were close to or even below the detection limits. Upon infection, IL-12/23p40 levels significantly increased in the lavage fluids at 1 d.p.i. Moreover, early production of IL-12/23p40 could also be observed by ex vivo cultured PEC (Fig. 4B) . IL-12 and IL-23 could only be detected in the peritoneal lavage fluids of single but not all S. Enteritidis-infected animals (data not shown). Detection may have been hampered by diluting the cytokines by the lavage procedure. At this early time point (in contrast to 14 d.p.i.), no release of IL-12/23p40, IL-12 or IL-23 could be observed by isolated cells of the parathymic lymph nodes, which drain the peritoneal cavity (data not shown). Thus, our data show that during the innate immunity to S. Enteritidis infection, IL-12/23p40 is produced at the site Fig. 2 . Intracellular IL-17A production in peritoneal cd T cells at 1 d.p.i. PEC from 1 day-infected C57BL/6 wt mice were cultured for 22 h in culture medium. Brefeldin A (5 lg ml
À1
) was added during the last 5 h of incubation. PEC were harvested and stained for the indicated surface molecules and intracellular IL-17A as described in Methods. Exclusion of dead cells was performed by ethidium monoazide bromide staining (data not shown). Viable CD3 + T cells were electronically gated and analyzed for IL-17A. The numbers above the quadrants represent the percentages of events in the indicated quadrant within the electronically gated CD3 + T cells. The quadrant marker was set according to the appropriate isotype control (data not shown). Shown is one representative staining of one of two independent experiments (n = 9). 
Early production of IL-6, IL-1b and TGF-b in response to S. Enteritidis
To further characterize the IL-22-and IL-17A-inducing cytokines, we investigated whether IL-6, IL-1b and TGF-b were produced in response to S. Enteritidis. A significant increase of IL-6, IL-1b and TGF-b could be observed in lavage fluids already at 1 d.p.i. (Fig. 5, top row) . Early production of IL-6 and IL-1b in the lavage fluid correlated with significant enhanced IL-6 and IL-b levels in sera of infected animals. TGF-b tended to be elevated in serum of 1 day-infected mice; however, the differences did not become statistically significant (Fig. 5, bottom row) . Together, our data demonstrate that in response to S. Enteritidis infection, production of the IL-22-and IL-17A-triggering cytokines IL-6, IL-1b and TGF-b is induced already at 1 d.p.i. at the site of infection.
IL-6 is not required for the early induction of IL-22
IL-6 was reported to be required for the induction of T h 17 cells in adaptive immunity to S. Enteritidis (19) . We wished to determine the role of IL-6 for the observed early production of IL-22 by peritoneal cd T cells during innate immunity against S. Enteritidis. Therefore, PEC originating from wt or IL-6 À/À mice were assayed for ex vivo production of IL-22 and for comparison of IL-17A. For control, we determined IL-6 levels in PEC supernatants. Ex vivo cultured PEC of IL-6 À/À mice produced comparable amounts of IL-22 and IL-17A as wt PEC (Fig. 6A) . As expected, IL-6 was produced by wt PEC but not by IL-6 À/À PEC (data not shown). To determine the production of IL-1b and TGF-b in IL-6 À/À PEC, we investigated mRNA synthesis since culture supernatants in general contain TGF-b due to the presence of FCS. We found that at 1 d.p.i., PEC from IL-6 À/À mice expressed the same amounts of IL-1b and TGF-b transcripts in response to S. Enteritidis as wt PEC (Fig. 6B) . This suggests that lack of IL-6 has no effect on the production of the additional T h 17-driving cytokines IL-1b and TGF-b. Thus, our data provide evidence that IL-6 is not essential for induction of IL-22 or IL-17A during innate immunity to S. Enteritidis. + DC or F4/80 + MU (data not shown). The depletion of DC in PEC from 1 day-infected animals completely abrogated IL-12/23p40 release by PEC during the following ex vivo culture, whereas lack of MU had no effect on the IL-12/23p40 levels (Fig. 7, top left panel) . For control, we determined the effect of DC or MU depletion on NO release. Production of NO by PEC of 1 day-infected animals was still present albeit lower following depletion of DC which might suggest a direct or indirect contribution of DC to NO production. In contrast, loss of MU dramatically decreased NO levels in the culture supernatants of PEC isolated at 1 d.p.i. (Fig. 7, top panels) . Additionally, loss of MU resulted in notably reduced IL-6 levels, whereas depletion of DC had no effect on IL-6 levels in PEC culture supernatants. Production of IL-1b by ex vivo cultured PEC remained unchanged by DC or MU depletion (Fig. 7 , bottom panels). Thus, in response to i.p. infection with S. Enteritidis, DC are the main IL-12/23p40-producing cell type, whereas MU markedly contribute to IL-6 and in particular to NO production in the peritoneum. This data point to DC as important inducers of the IL-23/IL-22 axis at the site of Salmonella infection during the innate immune response.
Peritoneal cell populations during innate immunity to S. Enteritidis
Next, we wished to characterize the numbers of DC and MU in the peritoneal cavity during early infection of mice with S. Enteritidis. Additionally, the numbers of peritoneal granulocytes, CD8
+ T cells and CD4 + T cells were determined at 1 d.p.i. We found significantly increased numbers of PEC in the peritoneal cavity at 1 d.p.i. (Fig. 8) . Numbers of peritoneal DC of naive mice were ;1.2 3 10 5 (median). During the first 24 h of infection, the numbers of DC in the peritoneal cavity increased almost 15-fold, whereas absolute numbers of MU only doubled in the peritoneal cavity upon S. Enteritidis infection at 1 d.p.i. (Fig. 8) . Until 14 d.p.i., the frequency of DC in the peritoneal cavity stayed at elevated levels in contrast to MU numbers, which decreased to the level of naive mice again (data not shown). Furthermore, no increase of DC or MU numbers could be observed in the parathymic lymph node draining the peritoneal cavity at 1 d.p.i. in contrast to 14 d.p.i. where numbers of DC in the parathymic lymph node were significantly elevated (data not shown). Besides DC and MU, the granulocyte population increased ;40-fold in response to S. Enteritidis infection (Fig. 8) , accounting for ;65% of peritoneal cells at 1 d.p.i. (data not shown). Moreover, the numbers of CD3 + CD8 + cytotoxic T cells increased ;4-fold, whereas numbers of CD3 + CD4 + T cells remained unchanged (Fig. 8) .
We earlier reported that during adaptive immunity to systemic S. Enteritidis infection lack of IL-17A results in compromised neutrophil recruitment (35) . We wished to address the question whether IL-17A contributed to the increase of granulocyte numbers at the site of infection during innate immunity to S. Enteritidis. Therefore, we determined the granulocyte numbers in the peritoneal cavity of wt and IL-17A À/À mice at 1 d.p.i. We found similar numbers of total PEC and granulocytes in the peritoneal cavity of wt and IL-17A À/À mice. Moreover, the peritoneal organ burden was similar in wt and IL-17A -/-mice (data not shown). This suggests that at 1 d.p.i. other factors than IL-17A mediate neutrophil recruitment.
It is noteworthy that the peritoneal cytokine production and inflammatory response described above were associated Fig. 5 . Production of IL-6, IL-1b and TGF-b by 1 day-infected mice. Levels of IL-6, IL-1b and TGF-b were determined in the lavage fluid and sera by sandwich ELISA. Shown are pooled data of three independent experiments. Statistical analysis was done by the Mann-Whitney test (*P < 0.05, ***P < 0.001 versus naive animals). 
Discussion
In this study, we show for the first time that an early IL-23/ IL-22 axis is activated during salmonellosis and that DC but not MU play a central role in the initiation of this cascade. Furthermore, we provide evidence that IL-22 and IL-17A are differentially regulated during innate immunity to Salmonella infection.
In our study, we demonstrate that already 1 day after i.p. infection with S. Enteritidis IL-22 is strongly produced in vitro and ex vivo by murine PEC. Interestingly, the production of IL-17A was different from that of IL-22. First, the IL-22 concentration in the peritoneal lavage was higher at 1 d.p.i. than at 14 d.p.i., whereas IL-17A demonstrated only at 14 d.p.i. significantly elevated levels. Second, IL-22, in contrast to IL-17A and similar to IFN-c, was also strongly increased in the serum both at 1 d.p.i. and at 14 d.p.i. Third, the early IL-22 production during salmonellosis by PEC was completely IL-23-dependent, whereas IL-17A secretion only partially depended on IL-23. The early IL-22 production was associated with an early strong increase of DC numbers in the peritoneum and elevated IL-23p19 mRNA expression. This is consistent with recent reports from us showing in vitro that induction of IL-23p19-mRNA and release of IL-23 by antigen-presenting cells occur very rapidly (7, 39) .
IL-23-dependent production of IL-22 was also demonstrated in experimental autoimmune encephalomyelitis (48) . In this model, CD4
+ T cells were identified as the IL-22-producing cell type. It has also been shown that, during Citrobacter rodentium infection in mice, IL-22 was produced and that IL-23 was required for this production (33) . Interestingly, the IL-22 expression in this model was T cell-independent, and the results of the study point to DC as possible IL-22-producing cell type. However, in a study with human cells, activated DC and MU were excluded as IL-22 producers (49) . Similarly, the IL-22-producing cells during the early phase of systemic S. (50) . Induction of IL-17A was also reported in response to Mycobacterium tuberculosis or Mycobacterium bovis Bacille Calmette-Guerin (51, 52) in Eschericha coli infection (53) and during the adaptive immune response to S. Enteritidis by our group (35) . It has been well demonstrated that IL-23 is able to induce IL-17A (20) . While Aggarwal et al. (20) suggested memory T cells to be the IL-17A-producing cell type, later studies also reported that antigen-or polyclonally activated naive T cells to be potent producers of IL-17A in response to IL-23 in mice and men (21, 54) . However, cd T cells were identified as source of IL-17A during the M. tuberculosis and E. coli infection (52, 53) . We show that during the early phase of S. Enteritidis infection, peritoneal cd T cells are an important cellular source of IL-17A. This is consistent with a very recent study demonstrating that mice deficient for the gene encoding the cd TCR chain produced less IL-17A mRNA than wt controls in response to S. typhimurium infection (55) . In the same study, it was demonstrated that following infection, cd T cells of the lamina propria start to express the IL-23 receptor chain. Interestingly, our data suggest that in response to S. Enteritidis infection, the induction of IL-17A was partially but not exclusively dependent on IL-23. Therefore, our data provide evidence for a role of other, still undefined mechanisms involved in the induction of IL-17A. Moreover, expression of IL-17F, another member of the IL-17 family, needs to be studied in salmonellosis.
IL-6 is an important cytokine in the differentiation of IL-22-and IL-17A-producing T cells (19, 56) . IL-6-deficient mice are resistant to induction of experimental autoimmune encephalomyelitis (57) . Consistent with this observation, it was reported recently that blockade of IL-6 inhibited the development of T h 17 cells in experimental autoimmune encephalomyelitis (58) . CD4
+ T cells cultured ex vivo in the presence of anti-CD3 and anti-CD28 required IL-6 to produce IL-17A (59) . In a model of autoimmune heart inflammatory disease, lack of granulocyte macrophage colony-stimulating factor resulted in decreased IL-6 production and T h 17 differentiation (60). However, in our infection model, IL-6 was dispensable for the induction of IL-22 and IL-17A (Fig. 6A ). IL-6-independent production of IL-22 was also reported during hepatitis (61) . Furthermore, conditioned medium from LPS-stimulated IL-6 À/À bone marrow-derived DC was able to induce IL-17A production by naive T cells (62) , which suggests that IL-6 is not always inevitably required for the induction of IL-17A-producing T cells. Shibata et al. (53) demonstrated that IL-6 and TGF-b failed to induce IL-17A production from naive peritoneal cd T cells. Thus, cd T cells may not require IL-6 for the production of IL-17A.
Our data point to a role for the IL-23/IL-22 axis for innate immune mechanisms in systemic Salmonella infection. The IL-23/IL-22 axis during innate immunity against Salmonella may contribute to protection against Salmonella infection by several ways such as IL-22-regulated expression of anti-microbial peptides and acute phase proteins and IL-17A-dependent neutrophil recruitment. Indeed, it was shown that IL-22 does not influence the functions of immune cells but enhances the innate immunity of tissues by inducing b-defensin 2, b-defensin 3 and S100A7 in epithelial cells (36) . Additionally, the induction of further anti-microbial peptides by IL-22 has been recently demonstrated, including calgranulins (e.g. S100A9 and S100A8), lipocalin-2 and Reg III (30, 32, 33, 63, 64) . Furthermore, IL-22 is known to enhance the production of acute phase proteins such as serum amyloid A and LPS-binding protein in hepatocytes (65, 66) .
S. Enteritidis induced the release of IFN-c and NO, as shown here (Figs 1 and 7) and by others earlier (67) . As expected (47) , the production of IFN-c induced by Salmonella was dependent on IL-12 (Fig. 3) . In fact, IFN-c production of IL-12p35 À/À PEC was abrogated in our study. Our data demonstrate that production of IL-12/23p40 in the peritoneal cavity is dominated by peritoneal DC, whereas peritoneal MU are preferential producers of NO and an important source of IL-6 (Fig. 7) . We already reported earlier that in vitro bone marrow-derived DC are more potent producers of IL-12 family members than bone marrow-derived MU (7), although an up-regulation of mRNA transcripts for IL-12 family member subunits was also observed in bone marrow-derived MU (39) . Also, data reported from other groups suggest DC as important target cells for Salmonella and as a source for IL-12 (6, 8, 68, 69) . Moreover, while both antigen-presenting cell types, DC and MU, are able to produce pro-inflammatory cytokines after infection with S. typhimurium, only DC were demonstrated to migrate to the draining lymph nodes and to induce a Salmonella-specific T cell response (70) . NO production by MU was demonstrated to mediate killing of Salmonella (71). Monocytes but not DC recruited to the Peyer's patches after oral infection with Salmonella produced inducible NO synthase in vivo (72) . Taken together, these data point to a task sharing between DC and MU resulting in DCdependent generation of IL-12/23p40-and MU-dependent NO and IL-6 production post-Salmonella infection. Furthermore, DC appear to be the early initiators of an innate IL-23-regulated cascade of IL-22 and IL-17A production in salmonellosis.
In summary, our study shows early production of IL-22 in Salmonella infection, suggesting IL-22-dependent innate immune functions which could contribute to protection. Currently, we are investigating the functional role of IL-22 in response to Salmonella infection in vivo more closely.
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